We investigate the alignment of ethylene and of some of its analogues via short, non-resonant laser pulses and show that it depends crucially on the nuclear spin of the molecules. We calculate the timedependent alignment factors of the four nuclear spin isomers of ethylene and analyze them by comparison with the symmetric top molecule allene. Moreover, we explore how the nuclear spin selective alignment depends on the asymmetry of the molecules and on the intensity of the laser pulse. As an application, we discuss how nuclear spin selective alignment could be applied in order to separate different isotopomers of ethylene.
I. INTRODUCTION
The connection of nuclear spin and molecular properties is one of the oldest stories in quantum mechanics. First predicted by Heisenberg 1 and Hund 2 to explain the "anomalous" intensity alternating in Raman spectra, the existence of nuclear isomers has been proven by Bonhoeffer and Harteck, 3 who verified experimentally that hydrogen has two nuclear spin modifications, para-and ortho-hydrogen, having different specific heats. However, specific heat is not the only molecular property which is substantially different for distinct nuclear spin isomers. It is well known that they can be distinguished by their rotational spectra, since different nuclear spin isomers belong to rotational states of different symmetry. 4 As a consequence, rotational dynamics will also depend on the nuclear spin of the molecules.
Rotational dynamics, especially the alignment of molecules induced by strong, non-resonant laser pulses is momentarily intensively studied [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] (for a review see Refs. 18 and 19); many possible applications are explored, among them the separation of stereoisomers, 20 the control of molecular scattering, 21, 22 the determination of ionization probabilities, 23 orbital imaging and high harmonics generation, [24] [25] [26] and x-ray scattering. 27 However, in most investigations carried out so far the role of nuclear spin on such processes is less studied although it has been shown for diatomic molecules [28] [29] [30] and for water 31 that different nuclear spin isomers show different rotational dynamics. For homo-nuclear diatomic molecules, it has been observed that the transient alignment after interaction with a short laser pulse depends crucially on the nuclear spin: at specific times, one nuclear spin isomer is aligned along the polarization direction of the laser pulse, while the other isomer is aligned perpendicular to it. It has been suggested to use sequences of laser pulses to selectively manipulate the rotational dynamics of nuclear spin isomers of diatomic molecules. 28 Also polyatomic molecules can occur in form of nuclear spin isomers. 32, 33 With the exception of water, 31 the nuclear spin selective alignment of non-linear molecules has -as far as we know -not be investigated. However, it becomes especially a) Electronic mail: monika.leibscher@chemie.fu-berlin. de. interesting for molecules, which have more than two nuclear spin modifications, for example allene or ethylene (see Fig. 1 ). Here, we investigate the rotational dynamics, in particular the laser induced alignment of the nuclear spin isomers of molecules with different degree of asymmetry. We consider the symmetric top molecule allene and the asymmetric top molecule ethylene and analogues, shown in Fig. 1 . Therefore, we discuss in Sec. II how nuclear spin isomers of (rigid) molecules can be found and identify the nuclear spin isomers for these molecules. Afterwards, we will present the theory of non-adiabatic, non-resonant alignment, before we discuss in Sec. IV our results.
II. NUCLEAR SPIN ISOMERS AND ROTATIONAL SPECTRA
Molecules containing two or more identical nuclei with non-zero spin occur in isomeric forms which are called nuclear spin modifications or nuclear spin isomers. They are a consequence of the symmetrization postulate, which only allows distinct symmetry combinations of rovibronic and nuclear spin states. If rovibronic states of different symmetries correspond to different energies, nuclear spin isomers of rigid molecules can-as we illustrate below-distinguished by their rotational spectra. Their identification relies on the assumption that the interactions between nuclear spins and the spatial molecular degrees of freedom is so small that nuclear spin isomers can be regarded as stable species especially for the time-scales considered here, which are 100 ps or less.
The symmetrization postulate states that any molecular wave function mol representing a physical state must change its sign if two fermionic nuclei are exchanged and remains unchanged upon the exchange of two bosonic nuclei. Thus, the molecular wave function must have a distinct symmetry under permutations of identical nuclei. The symmetry groups appropriate for classifying molecular states according to these permutations, are the permutation subgroups of molecular symmetry (MS) groups, 34 which contain all feasible permutations P of identical nuclei (note, that often the MS group is used to find the nuclear spin isomers of molecules. In Appendix A, we will discuss why this can lead to ambiguities making it . All carbon nuclei are assumed to be C ≡ 12 C. We will use the same color code for the nuclei throughout this paper.
necessary to use the permutation subgroup of the MS group). Within the permutation subgroup, any molecular state mol must transform according to the irreducible, one-dimensional and real representation mol having the character χ = −1 for any permutation containing an odd number of transpositions of fermionic nuclei and the character χ = +1 for either permutations containing an even number of transpositions of fermionic nuclei or for permutations containing an even or odd number of transpositions of bosonic nuclei. 4 The MS-groups for the molecules shown in Fig. 1 are reported in the literature: 4 For all C 2 X 4 -type molecules it is the group D 2h (M), for allene it is D 2d (M). Both groups have the same permutation subgroup, which reads (see 
where, e.g., (12)(34) stands for the simultaneous exchange of nuclei 1 with 2 and 3 with 4. Table I reports the character table  of For all molecules C 2 X 4 the symmetrization postulate demands that mol has to transform according to mol = A. For the partially deuterated ethylene, in particular the analogues (e) and (f) shown in Fig. 1 , the permutation subgroups read
for analogue (e) and
for analogue (f). Their character tables are shown in Table II . Here, since deuteron is a boson, in both cases mol transforms according to mol = B. In this study, we investigate how the rotational degrees of freedom of the molecules can be manipulated via nonresonant laser pulses inducing alignment. As it has been verified experimentally, the molecules remain in their vibronic ground states during such interaction and couplings between rotations and other molecular degrees of freedom do not affect the alignment as long as one limits the observations to a few rotational periods. 14, 18 It is therefore reasonable to assume that the molecular wave function mol can be written as The rotational states of a rigid molecule are the eigenfunctions of the Hamiltonian
withĴ a ,Ĵ b ,Ĵ c being the dimensionless molecule-fixed angular momenta and the rotational constants A, B, C. Here, we consider molecules with increasing degree of asymmetry, which can be characterized by the asymmetry parameter κ, 2 (M) (right), which are defined in Eqs. (2.3a) and (2.3b), respectively, together with their equivalent rotations. The abbreviations for the permutations are defined in Eq. (2.2).
Their rotational constants and asymmetry factors are shown in Table III : Allene is an example for a prolate symmetric top, i.e., κ = −1; ethylene is the asymmetric top most similar to a prolate symmetric rotor; and the degree of asymmetry increases when the hydrogen 1 H atoms are substituted with heavier nuclei. It is well known that for solving the timeindependent Schrödinger equation for symmetric and asymmetric tops, the symmetric top eigenfunctions J,k,m are of central importance: they characterize completely all states of a symmetric top having the energy E J,K , with K = |k|; for an asymmetric top molecule they serve as a basis for calculating its eigenfunctions J,τ,m and eigenvalues E J,τ 39 . Here, we use the standard notations, i.e., J denotes the rotational quantum number; k and m are the projection quantum numbers corresponding to one molecule-fixed and space-fixed component of the total angular momentumĴ ; τ denotes the asymmetry quantum number, defined as τ = K a − K c with K a = |k a | and K c = |k c | being the absolute value of the projection quantum number corresponding to the molecule-fixed angular momentaĴ a andĴ c . The transformation properties of the symmetric top functions J,k,m in the prolate (i.e., k = k a ) and oblate limit (i.e., k = k c ) under permutations is reported in the literature 4, 39, 40 and one can verify that the combinations of symmetric top eigenfunctions
for K = |k| = 0 and for K = 0 provide a basis for the irreducible representations for all permutation groups considered here. Note, that these functions are a modification of the conventional Wang states. 41 They transform in D 2 (M) according to The rotational spectrum of allene, i.e., the representation of the eigenvalues The rotational spectra of different nuclear spin isomers for the analogues C 2 X 4 are shown in Fig. 4 .
Each rotational state J K a ,K c of ethylene (left), fully deuterated ethylene (middle) and tetrafluoro ethylene (right) can be assigned to a distinct nuclear spin isomer. Furthermore, one can see that, although the degeneracy in K a is removed, the four nuclear spin isomers can still be grouped into two classes being similar in energy: Fig. 1 (e) and 1(f)), the situation is no less interesting. Although the spectra of the two isotopomers are almost the same, they have different nuclear spin isomers, as shown in Fig. 5 .
For [1,1-2 H 2 ]ethylene (left side of Fig. 5 ), all rotational states with even K a , regardless of J , belong to one isomer and all states with odd K a to the other. The nuclear spin isomers of (Z)-[1,2-2 H 2 ]ethylene (right side of Fig. 5 ), on the other hand can be distinguished by even and odd values of J for K a = 0; for K a = 0 both isomers have rotational states with even and odd J and K a . The energy eigenvalues of these isomers are different, so we expect that they show very different alignment dynamics. This may open a possibility to distinguish isotopomers via their nuclear spin.
III. THEORY OF NON-ADIABATIC ALIGNMENT OF ASYMMETRIC TOP MOLECULES
To investigate the effect of the nuclear spin on the rotational dynamics, we simulate the field-free alignment for every distinct nuclear spin isomer after interacting with a moderately strong, non-resonant laser pulse. If a molecule is exposed to a short (compared to the time-scale of rotational motions) laser pulse with a frequency chosen to be non-resonant to any molecular transition, the molecule interacts with the laser pulse approximately via its dynamic polarizability. Under such conditions, the laser pulse excites only rotational states; the system remains in its electronic and vibrational ground state. Typical pulse parameters in alignment experiments are I = 10 TW/cm 2 for pulse intensities, σ = 100 fs for pulse lengths and λ = 800 nm for the wave length of the laser light.
14 The Hamiltonian for this kind of interaction reads 18, 19 
with denoting the polarization and the shape of the envelope of the laser pulse and α α α the dynamic polarizability tensor. Although its components depend on the frequency of the laser field, it converges to the static polarizability, if the frequency of the laser pulse is sufficiently low. In case of a field polarized in e Z -direction, where = (t) · e e e Z this Hamiltonian reduces (up to a constant) tô
Here, the irreducible components of the polarizability α 2,k are defined by
and 43 The values of the irreducible components of the dipole polarizability for the molecules considered here are tabulated in Table III In order to quantify the effect of the non-resonant laser pulse on the molecular system, we solve the time-dependent Schrödinger equation
following the strategy of Gershnabel and Averbukh. 31 We make use of the impulse approximation, i.e., we setĤ rot = 0 during the interaction. This allows us to write the timedependent wave function in Eq. (3.4) as
where (t 0− ) denotes the wave function before and (t 0+ ) the wave function at the end of the laser pulse. Note, that (t 0+ ) is no longer a rotational eigenstate but a wave packet consisting of the rotational states which have been excited by the short laser pulse. We expand (t 0+ ) into eigenfunctions J,τ,m of the free asymmetric rotor and calculate the expansion coefficients numerically. Therefore, we introduce an artificial parameter ξ having at time t 0 − the value ξ = 0 and at time t 0 + the value ξ = 1, and define
with
We choose a Gauss-shaped laser pulse
with a FWHM of σ = 100 fs and different maximal intensities I max = 1/2cε 0 | 0 | 2 , as discussed below. We expand the function ξ into the free rotor eigenstates
, that is, we write
for all rotational symmetries separately. Note, that in case of a linear polarized laser field m = m 0 is a conserved quantity. Utilizing this ansatz in Eq. (3.6) and differentiating with respect to ξ leads to a system of coupled equations for the coefficients c J,τ,m 0 , given explicitly by
Although the matrix H int contains non-vanishing elements between states of different J and τ , the field cannot induce transitions between different nuclear spin isomers and thus Eq. (3.10) can be solved for each rotational symmetry separately. This is understood taking into account group theoretical arguments; a detailed discussion is given in Appendix B.
Since the asymmetric top eigenfunctions are a superposition of symmetric top eigenstates, the matrix H int contains the elements
with ν = 0, ±2. The 3 j-symbols in Eq. (3.12) are only nonzero, if
After the interaction with the laser pulse, the molecules evolve freely and the time-dependent wave function (t) can be expressed as follows i.e., the degree of alignment of the principal axis e a with respect to the polarization e Z of the laser pulse, as illustrated in Fig. 6 . Finally, we calculate the (classical) thermal average, i.e., 
In the following, we will present the results for the alignment factor Eq. (3.16) for the different nuclear spin isomers of the molecules considered in this study. In order to compare the rotational dynamics of the different molecules, we introduce scaled variables with
for energy, temperature and time, respectively.
IV. NUCLEAR SPIN SELECTIVE ALIGNMENT

A. Alignment of the four nuclear spin isomers of ethylene
The alignment of asymmetric top molecules like ethylene has been measured. 14 The post pulse alignment signal can be understood as a mixture of the alignment factors of the nuclear spin isomers according to their statistical weight. The left hand side of Fig. 7 shows alignment of ethylene under such conditions.
It displays the expectation value |e a · e Z | 2 as a function of time and reproduces the results of Rouzee et al. 14 However, from the statistical averaged alignment factor, one can not obtain any information how the four nuclear spin isomers of ethylene, which we have identified in Sec. II, behave individually.
That they do behave very differently is shown in the right panel of Fig. 7 , where the individual alignment factors of the four nuclear spin isomers are shown. The alignment immediately after the interaction (t ≈ 1/10t ) is almost the same for all nuclear spin isomers. In the following, we analyze the alignment of individual nuclear spin isomers of ethylene and its analogues by comparing it with the alignment of the symmetric top allene, and discuss possible applications of the nuclear spin selective alignment. 
B. Symmetric vs. asymmetric tops: Allene and ethylene
As shown in Sec. II, the symmetric top molecule allene has the same nuclear spin isomers as ethylene. By comparing the rotational dynamics of allene and ethylene, we can directly study the effect of asymmetry on the alignment signal for each isomer. The alignment factor |e a · e Z | 2 for the nuclear spin isomers of allene for I max = 7.2 TW/cm 2 and T = 1.6 K (in scaled units: β 20 = 6.8 and T /T = 3.8) is shown in Fig. 8 .
Since allene is a symmetric top, the alignment factor has exact revivals with the revival time t rev = t =¯π/B = 56.69 ps.
For a symmetric top molecule, α 2,2 = 0 and the interaction with the laser pulse Eq. (3.2) reduces tô
As a consequence, the quantum number K = K 0 is preserved during the interaction. The wave function after the interaction can thus be written as 
where the first term,
is the degree of time-independent alignment. The coherence term 45 |e a · e Z | 2 c describes the time-dependent part of the alignment factor, given by [B a ] isomer of allene behave very similar to the two nuclear spin isomers of homo-nuclear diatomic molecules, for which nuclear spin selective alignment has been observed and investigated in detail. 28 Also for K 0 = 0, states with even and odd J show differences in the alignment signal at t ≈ 1/4t . Here, however, each nuclear spin isomer has rotational states with even and odd J . Alignment and anti-alignment thus cancel each other and the resulting alignment is approximately |e a · e Z | 2 0 . The alignment factors of the nuclear spin isomers of ethylene (Fig. 7) shows that at t ≈ 1/4t and t ≈ 3/4t the isomers A[A] and B a [B a ] are also aligned and anti-aligned, respectively, as for a symmetric top rotor. However, due to its asymmetry, exact revivals of the rotational wave packets do not occur for ethylene. Moreover K is not preserved for an asymmetric top and thus the rotational wave packets contain states with different K . As a consequence, the alignment factors of the isomers B b [B b 
] and B c [B c ] also differ.
A quantitative comparison between ethylene and allene is shown in Fig. 9 . Here, we show the difference of the alignment factors (A, B a ) decrease. The structures around quarter revivals become broader and are shifted from the quarter revivals towards slightly smaller and larger times. The reason therefore is that, for an asymmetric top, the rotational wave packet contain states with different K a and the J -type revivals observed for a symmetric top are no longer exact revivals. Coherences between states with different K a lead to the shifts and the broadening of the quasi-revival structures. 46 We also found that the decrease and shifts of the peaks of D a Z (A, B a ) is larger for higher intensities; it arises due to the excitation of eigenstates with larger J , since those states have a larger asymmetry splitting and thus a larger mixing of symmetric top states with different K a . As we also study molecules with higher asymmetry, where the described effect is even larger, we will limit our further investigations on times t < t . 
C. The influence of pulse intensity and asymmetry of the rotors
In the following, we investigate how the intensity of the interaction affects the alignment of nuclear spin isomers of molecules with increasing asymmetry, that is for ethylene (κ = −0.917), for fully deuterated ethylene (κ = −0.821) and for tetrafluoro ethylene (κ = −0.313). On the right hand side of Fig. 10 , we show the maximal degree of alignment for each nuclear spin isomer as function of the intensity I max of the laser pulse. To compare the alignment of the different molecules, the temperature is chosen as T /T = 3.8. In the left figures, the colors correspond to the same nuclear spin isomers as in Fig. 7 ; the black line corresponds to the statistical average. Note, that interaction strengths for all molecules are similar, i.e., the effect of the maximal intensity can be directly compared. The temperatures are chosen such that T /T = 3.8 for all molecules.
For the statistical mixture of all nuclear spin isomers of ethylene (black line in top left panel of Fig. 10 ), the degree of alignment increases monotonically with increasing intensity and converges to the value 0.66. The maximal alignment is the initial alignment, which occurs shortly after the interaction (see t ≈ 1/10t in Fig. (7) for these intensities does not occur immediately after the interaction, but at t ≈ 1/2t , as it can also be seen in the right panel of Fig. 7 . For large intensities, the maximal alignment of the isomers A[A] and B a [B a ] converges to the maximal alignment of the statistical mixture and occurs directly after the interaction. A similar effect has been reported for the alignment factor of linear molecules, 47 where the maximal alignment, also depends on the interaction strength in a non-monotonic way. Also for linear molecules the alignment factor is maximal at a half revival time (at least for moderate temperatures). We have seen in Sec. IV B that the rotational dynamics of the A[A] and B a [B a ] isomers of a prolate symmetric or asymmetric top is similar to the dynamics of the nuclear spin isomers of a linear molecule 28 -here, again we observe that these isomers behave similar to a linear molecule while the intensity dependence of the alignment factor for the isomers B b [B b ] and B c [B c ] (brown and orange lines in Fig. 10 ) is similar to that of the statistical mixture.
By comparing the maximal alignment of ethylene with fully deuterated ethylene (middle panel of Fig. 10 ) and with tetrafluoro ethylene (bottom of Fig. 10) , we observe that the maximal alignment of the statistical mixture (black lines) is slightly reduced: from 0.66 for ethylene to 0.57 for tetrafluoro ethylene. For the A[A] isomer, we see a non-monotonic behavior for all three molecules, but the maximal alignment at moderate intensities (I max ≈ 8 TW/cm 2 ) is considerably reduced with increasing asymmetry of the molecule. With increasing asymmetry, also the A[A] isomer does not resemble the corresponding isomer of a linear molecule.
On the right hand side of Fig. 10 , we show the maximal difference between the alignment factors, i.e., pair (B b , B c ) . The points in time where the maximal differences occur are shifted for higher intensities from t ≈ 3/4t to t ≈ 1/4t ; again for the reason of exciting higher J -states at higher intensities, which gives rise to different types of coherences and to the reduction of J -type revivals.
The results for max[D a Z ] for fully deuterated ethylene and tetrafluoro ethylene are slightly different than for ethylene: although the largest differences are again obtained for moderate intense laser fields (I max ≈ 8 − 9 TW/cm 2 ), the point in time, where these differences occur, is shifted to t ≈ 1/4t at smaller intensities. For tetrafluoro ethylene, the maximal difference is now larger for (B b , B c ). Interestingly, the maximal value of max[D a Z ] for these species is relatively constant for all three molecules, and only the maximal values for (A, B a ) are reduced. Nevertheless, the differences between the alignment factors for the different nuclear spin isomers are reduced with increasing asymmetry, making it more difficult to separate these isomers for strongly asymmetric molecules.
D. Using nuclear spin selectivity to distinguish isotopomers of molecules
So far, we investigated the nuclear spin selectivity of the alignment of molecules induced by a single, short laser pulse. It has been shown for diatomic molecules [28] [29] [30] and for water 31 that a second laser pulse with properly chosen delay time can selectively enhance the rotational energy of a single isomer. This has been suggested as a first step for the separation of nuclear spin isomers, e.g., by using additional spatially inhomogeneous static or time-dependent fields. 31 The difference in the alignment of the nuclear spin isomers of ethylene and its analogues which we found here, suggests that this scheme can also applied to polyatomic molecules with more than two nuclear spin isomers. Moreover, this selectivity could also be used to distinguish isotopomers of molecules, i.e., molecules with isotopic nuclei having the same constitution, but different configurations.
The isotopomers [1,1-2 H 2 ]ethylene (analogue (e) in Fig. 1) and (Z Fig. 1 ) provide two examples for such investigations. Their statistically averaged alignment factor for I max = 8 TW/cm 2 and T = 5 K is shown in Fig. 11 . One can see, that both isotopomers can be hardly distinguished by these statistical averaged values. However, if we take a look at the alignment factors for the individual nuclear spin isomers of these molecules, which are shown in Fig. 12 for the same set of parameters, an interesting difference between these isomers occurs at t ≈ 5ps, where the statistical averaged alignment factor in Fig. 11 implies that the distribution of the molecules is almost isotropic for both isotopomers, Fig. 12 shows that the two nuclear spin isomers of (Z) Using a second laser pulse, alignment for one nuclear spin isomer of the 1,2 substituted species could be enhanced. Afterwards, one could use a spatially inhomogeneous static or an additional time-dependent field in order to separate the nuclear spin isomers of this compound and separating additionally the isotopomers from each other. 31 Thus, for isotopomers containing nuclei with non-zero spin, the nuclear spin selective alignment provides a opportunity to separate not only nuclear spin isomers but isotopomers as well.
V. SUMMARY, CONCLUSIONS, AND FUTURE PERSPECTIVES
As it has been demonstrated for diatomic molecules 28 We identified the nuclear spin isomers and the corresponding rotational eigenstates using the concept of feasible permutations of identical nuclei. We calculated the rotational wave functions and the alignment of the individual nuclear spin isomers after the interaction with a strong, non-resonant laser pulse. Immediately after the interaction, the rotational dynamics of all nuclear spin isomers of the molecules is almost the same, but they behave very differently at later times, in particular at quarter revival times. However, revival times can be defined exactly only for symmetric top rotors. By comparing the alignment factors of ethylene and substituted ethylene with that of allene, we can relate the rotational dynamics of the four nuclear spin isomers of the molecules with increasing asymmetry to that of a symmetric top rotor with its exact rotational revivals. We find that for allene, the alignment factors of two of the four nuclear spin isomers are identical while the other pair of nuclear spin isomers (which contain rotational states with K a = 0) shows the characteristic alignment versus anti-alignment at quarter revivals which is known for diatomic molecules. In contrast, for asymmetric rotors all four isomers show different timedependent alignment.
Investigating the influence of the laser intensity on the alignment, we found that for the statistical mixture of nuclear spin isomers the degree of alignment increases monotonously with the intensity of the laser and converges to a high-intensity limit of 0.57 to 0.67, depending on the asymmetry. Moreover, maximal alignment always occurs shortly after the interaction with the laser pulse. However, two of the nuclear spin isomers, i.e., those which contain rotational states with even K a , show considerably higher degree of alignment at moderate intensities. Here, the maximal degree of alignment does not occur immediately after the interaction, but half a revival time later. At high laser intensities, the degree of alignment converges to that of the statistical mixture. Additionally, we show that the degree of alignment itself and the difference between the alignment of the individual isomers decrease for more asymmetric molecules. In order to achieve better alignment for rotors with larger asymmetry, sequences of laser pulses could be applied as described in Refs. 27 and 47. These details will be important when one goes further and explores the possibility to enhance the alignment for a distinct nuclear spin isomer, using multiple laser pulses as described in Refs. 28-31 in order to separate them.
Finally, we explored the possibility to distinguish isotopomers via the alignment factor of their nuclear spin isomers. We demonstrated for two different two-fold deuterated analogues of ethylene that they have almost the same alignment factors if one considers the statistical mixtures of their nuclear spin isomers. However, the individual nuclear spin isomers show very different rotational dynamics. Selectively manipulating the rotational dynamics of the individual isomers by a sequence of laser pulses could thus be a first step for the separation of isotopomers which have the same mass and similar rotational constants and are thus very difficult to separate by conventional means.
For future investigations it will be interesting to go beyond rigid molecules and investigate the nuclear spin selectivity of the alignment of non-rigid molecules as it was donewithout considering nuclear spin -in Refs. 49-51. This could lead to interesting new features of such molecules, including nuclear spin selectively driven molecular motors or nuclear spin selective chemical reactions, as earlier studies [52] [53] [54] [55] imply.
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APPENDIX A: COMMENTS ON THE DEFINITION OF NUCLEAR SPIN ISOMERS
In the literature on molecular spectroscopy 4, 39 one finds that the effect of nuclear spin on the ro-contorsional spectra of molecules due to the symmetrization postulate is taken into account via statistical weights. Usually, these weights are (M) . The abbreviations for the permutations are defined in Eqs. (2.2) and (A1).
found within the MS group of the molecule. 4 As long as one is not interested in a particular nuclear spin species, this approach is appropriate. However, for the assignment of a specific nuclear spin state to its corresponding rotational states, using the MS group can be inappropriate. Here, we will illustrate, why using MS groups can lead to ambiguities, discuss the conditions for their appearing and show that using the permutation subgroup of the MS groups instead of the MS group itself resolves them.
As we have pointed out in Sec. II, the MS group of allene is D 2d (M). Its character table is shown in Table V , 4 where the missing abbreviations are
Allene is a prolate symmetric top, i.e., its rotational eigenfunctions are J,K a ,m . They transform in D 2d (M) according to
for K a = 0 and for
The symmetry of the 16 nuclear spin states of allene is in
The symmetrization postulate demands from the molecular states of allene mol = A 1 or B 1 .
However, we have now two possibilities to combine rotational states with nuclear spin states with appropriate symmetry to fulfill these conditions. We can, for example, combine a rotational state with A 1 symmetry with both, nuclear spin states with A 1 or B 1 symmetry. On the other hand, we could combine a nuclear spin state with A 1 symmetry with rotational spin states of A 1 or B 1 symmetry, which makes it impossible to define a nuclear spin isomer by a unique combination of rotational (or in general: spatial) and nuclear spin symmetry. The reason for these ambiguities is, that the symmetrization postulate is not applicable for permutation-inversion operations and thus allows two irreducible representations mol ± for groups which contain at least one permutation-inversion operation. For MS groups, which, in addition, can be written as 
with still having only one nuclear spin symmetry for disposal to fulfill this condition. Thus, to define a nuclear spin isomer, the symmetry nu.sp j from the permutation subgroup must correlate non-ambiguously with one irreducible representation in the MS group. If, however, the MS group cannot be written as the direct product Eq. (A6), as for allene, the irreducible representation 
A 2 B 2 → B a ,
Consequently, as seen in Sec. II B, by using the permutational subgroup D 2 (M), one avoids these ambiguities. In addition, there is a physical reason for using the permutational subgroup defining nuclear spin isomers, which we discuss below.
APPENDIX B: NUCLEAR SPIN ISOMERS IN ELECTROMAGNETIC FIELDS
Here, we discuss the symmetry properties of the complete HamiltonianĤ mol +Ĥ int in order to generalize the discussion of Gershnabel and Averbukh 31 that a laser, in general, cannot induce transitions between different nuclear spin isomers. If a molecule is brought into an electric and/or magnetic field, the symmetry group for its complete Hamiltonian is, in general, reduced. 56 The theoretical concepts for understanding nuclear spin isomers exposed to electromagnetic fields were developed in 1974 by Watson 57, 58 after some remarks by Bunker. 56 Watson introduced the concepts of the electric field symmetry group and the magnetic field symmetry group. Here, we focus on the electric field symmetry group G EFS , since, in general, it contains less symmetry elements than the magnetic field symmetry group. It cannot be formulated in general and depends on the type of interaction used to manipulate the molecule. We discuss the case of arbitrary polarization(s) of the electric field(s), where the spatial symmetry, represented by the group K spatial is completely lost due to the field. In addition, we ignore the possibility of additional symmetries arising from time-invariance since it is irrelevant for the aspects we discuss. 58 The structure of the electric-field symmetry group depends on the type of interaction one uses to manipulate the molecule. Here, we use a laser field which interacts with the dipole polarizability of the molecule, whose components remain unchanged for both kind of operations, permutations and permutation-inversions of identical nuclei. The complete Hamiltonian is therefore invariant under the operations of the MS group and the EFS group is the direct product
with K spatial = C 1 . Thus, we have to use the MS group to identify the transitions the field is able to induce and find that they occur between states having the same symmetry in the MS group.
However, one has to be careful as this does not imply that in general the MS group is appropriate to find allowed transitions. In case of an electromagnetic field which interacts via the electric dipole moment μ with the molecule the EFS is , differing only by their characters under permutation-inversions, will coincide to one irreducible representation i ; degenerate representations will be, in general, reducible. Then, the electromagnetic field induces transitions between states, which are in the MS group + iand − i -states. However, as we showed in Appendix A, the spatial energy levels belonging to these irreducible representations correspond to one nuclear spin isomer, and the laser field is therefore not able to induce transitions between different nuclear spin isomers.
